The low-cycle fatigue behavior of a cobalt-based superalloy was studied in-situ using neutrondiffraction experiments. The alloy exhibited a strain-induced formation of a hexagonal-closepacked (hcp) phase within its parent face-centered-cubic (fcc) phase at ambient temperature under strain-controlled fatigue conditions with a total strain range, ∆ε = 2.5%. The (101) hcp peak was first observed during the 12 th fatigue cycle under the given conditions following an incubation period, during which no hcp phase was detected. Subsequently, the intensity of the hcp peaks increased as fatigue progressed. Furthermore, within a single fatigue cycle, the intensity of the (101) hcp peak decreased during the compression half-cycle and increased again when the specimen was subjected to a subsequent tensile strain. The result suggests that the fcc to hcp transformation is partially reversible within one fatigue cycle.
INTRODUCTION
The ULTIMET ® alloy is a cobalt-based superalloy manufactured by Haynes International, Inc. The nominal composition of the alloy is given in Table 1 [1]. Typical applications of the material include agitators, blenders, spray nozzles, screw conveyors, and valve parts in corrosive and high-wear environments [1]. Figure 1 shows the binary-phase diagram of the Co-Cr system, which approximates the behavior the ULTIMET ® alloy [2] . The alloy was solution-heat treated in the fcc α-Co region of the phase diagram and, then, quenched to room temperature. While the phase diagram suggests the presence of a two-phase field of the hcp ε-Co and the tetragonal σ-Co at 26 weight percent chromium (dotted vertical line) below 900 o C, only the fcc phase was observed in a metastable state upon quenching. No evidence of the σ phase has been reported in the solution-treated alloy in previous studies [3] [4] [5] [6] [7] [8] . It is expected that the σ phase would form if the alloy were held for a sufficient length of time at elevated temperatures. On the other hand, the hcp phase may form via a strain-induced phase transformation at room temperature. Jiang et al. have shown through X-ray diffraction studies of fatigued specimens that the hexagonal phase will indeed form after low-cycle fatigue [3] [4] [5] [6] [7] . However, the influence of the developing hcp phase during mechanical deformation on the lifetime of the alloy has not been quantified to date. Therefore, in-situ neutron-diffraction studies were conducted during low-cycle fatigue in order to characterize the strain-induced phase transformation.
EXPERIMENTAL DETAILS
The in-situ low-cycle fatigue was performed using the ENGIN-X instrument at the ISIS facility (United Kingdom), which is a pulsed polychromatic neutron source. Cylindrical, threaded-end specimens were machined from plate stock with an 8 mm gage diameter and a 24 mm gage length. The stock material was processed by (a) hot-rolling at a temperature of 1,204 o C, (b) annealing at 1,121 o C in air, and (c) water quenching to room temperature. No initial texture was present in the specimen. The ENGIN-X load frame was used to perform a strain-controlled fatigue experiment at room temperature using R = -1, where R is the ratio of the minimum strain (ε min. ) to the maximum strain (ε max. ). A total strain range of ∆ε = ε max. -ε min. = 2.5 % was applied to the specimen. The tensile specimen was oriented 45 o to the incident neutron beam with the scattering angle fixed at 2θ = ±90 o for two detector banks [9] . The scattering geometry of ENGIN-X allows for the measurements of diffraction patterns from grains with the crystallographic plane-normal vectors oriented parallel to the loading direction of the specimen (axial data) and with the crystallographic plane-normal vectors oriented perpendicular to the loading direction of the specimen (transverse data). Neutron-diffraction patterns were measured hcp fcc Figure 1 . Equilibrium phase diagram of the binary Co-Cr system [2] .
at 10 different cycles throughout the fatigue experiment: 0 (i.e., as received), 1, 4, 8, 12, 30, 50, 75, 100, 250, and 500 cycles. For a given cycle, six diffraction patterns were measured around the hysteresis loop, as shown in Figure 2 . These points coincide with the maximum tensile and compressive strain points (points 1 and 4), the two zero-strain points (points 3 and 6), and the two zero-stress points (points 2 and 5). Cobalt exhibits significant incoherent neutron scattering, so forty-minutes were required to obtain appropriate statistics for each diffraction pattern, with a sampling volume of about 120 mm 3 . Figure 2 . Macroscopic stress-strain curves measured during the low-cycle fatigue. In-situ diffraction patterns were measured at six different points around the hysteresis loop during fatigue cycles 1, 4, 8, 12, 30, 50, 75, 100, 250, and 500. 
RESULTS AND DISCUSSION

HEXAGONAL PHASE DEVELOPMENT
The result to be discussed first is the development of the hcp phase during low-cycle fatigue. Diffraction patterns taken at "point 1" on each cycle are overlayed in Figure 3 for the axial detector bank. The (101) hcp peak did not form immediately at the first fatigue cycle, but it was first observed during cycle 12. Subsequently, the intensity of the peak increased continuously as the low-cycle fatigue progressed. Figure 4 shows the integrated intensity of the (101) hcp peak as a function of fatigue cycles on a semi-log scale. It shows that the (101) diffraction peak did not develop appreciable intensity before cycle 12. Following cycle 12, however, the intensity of the hcp peak increased almost linearly on the semi-log scale. The initial fatigue cycles, during which no hcp phase was observed, are considered as an incubation period. Similar behavior has been documented in austenitic stainless steels, where the metastable fcc phase shows an incubation period before partially transforming into a martensitic phase during low-cycle fatigue [10] . Based on the deformation behavior at room temperature, the stacking fault energy (γ SFE ) of the ULTIMET ® alloy is likely less than γ SFE = 20 mJ/m 2 [11] . Therefore, perfect dislocations dissociate readily into Shockley partial dislocations in the fcc matrix, introducing a band of stacking faults [12] . Previous work on Co-based alloys has shown that the strain-induced phase transformation is actually the result of the coalescence of deformation stacking faults [13] . The observed incubation period could be the result of the nucleation of stacking fault clusters, as a precursor to the coalescence process.
The previous discussion was concerned with the evolution of the hcp phase as a function of fatigue cycles. Within a given fatigue cycle, however, another interesting observation regarding the hcp phase evolution can be made [see Figure 5 (a)]. The intensity of the (101) hcp peak continuously decreases in intensity from "point 1" (maximum tension) to "point 4" (maximum compression) in the hysteresis loop (see Figure 2) . The integrated intensity of the peak then increases again, moving from "point 4" to "point 6". When the intensity is plotted as a function of the applied macroscopic strain of cycle 30, Figure 5(b) , a linear correlation is suggested. Figure 5 displays data from both the axial and transverse detector banks. The fact that similar trends in the intensity evolution are noted in both detector banks suggests that the intensity changes are associated with the development of the volume fraction of the hcp phase during a single cycle, as opposed to the development of crystallographic texture within the hcp phase. If the effect was due to the grain rotation (i.e., texture or twinning), then the transverse data should show the opposite trend as compared to the axial data. Therefore, based on the present results, it is hypothesized that the transformation is partially reversible within one fatigue cycle. 
CUBIC PHASE RESPONSE
The diffraction data indicated that the development of the hcp phase had a significant effect on the parent fcc phase. Figure 6 shows the relative intensity changes of the fcc peaks at "point 1" (axial data) as a function of fatigue cycles, analogous to Figure 4 . The data in Figure 6 are normalized with respect to the intensity measured during cycle 1 for each respective fcc peak and, therefore, represent changes in the intensities as a function of fatigue cycles. The intensities of the (200), (311), and (111) fcc Bragg reflections do not change dramatically with increasing number of fatigue cycles. The intensity of the (111) peak, which demonstrated the most variation of the three, only decreased to 85 % of its original value by cycle 500. However, the (220) diffraction peak intensity decreased to 55 % of its original value by cycle 500. Such a large decrease in the intensity suggests that the fcc grains with the (220) plane-normal vectors oriented parallel to the axial direction of the specimen are preferentially transforming into the new phase during the fatigue. Similar to the reasoning used here, Brown et al. used relative intensity changes in U-Nb alloys in order to identify the specifically-oriented grains that twinned during monotonic loading measurements [14] .
CONCLUSIONS
Neutron-diffraction studies during in-situ cyclic loading with ∆ε = 2.5% showed the straininduced hcp phase formation in a fcc cobalt-based superalloy. The new phase was not immediately observed until cycle 12 under the given low-cycle fatigue conditions. Following the incubation period, the hcp peak intensity increased continuously with fatigue cycles. Within a single fatigue cycle, the transformation was apparently partially reversible. However, further work involving microscopy techniques is required to verify this phenomenon. The intensity of the (220) fcc peak decreased substantially during low-cycle fatigue. This indicates that the grains containing the (220) plane-normal vectors oriented parallel to the loading direction of the specimen were preferentially transforming into the new hcp phase.
